Magnetic properties of the S = 1/2 quasi-one-dimensional antiferromagnet α-Cu2V2O7 have been studied using magnetization and neutron scattering measurements. Magnetic susceptibility shows a broad peak at ∼ 50 K followed by an abrupt increase indicative of a phase transition to a magnetically ordered state at TN = 33.4(1) K. Above TN , a fit to the Curie-Weiss law gives a CurieWeiss temperature of Θ = −73(1) K (|JCW | = 6.3(1) meV), whereas the Bonner-Fisher fit yields the antiferromagnetic intra-chain coupling of |JBF | = 2.99(2) meV. The discrepancy in the exchange interaction suggests a highly anisotropic network of spins with a sizable inter-chain interaction. Below TN , weak ferromagnetism due to spin canting is observed. The canting is caused by the Dzyaloshinskii-Moriya interaction with an estimated bc-plane component |Dp| of 0.420(3) meV. Neutron diffraction reveals that the S = 1/2 Cu 2+ spins along a zigzag chain antiferromagnetically align in the F d d 2 magnetic space group. The ordered moment of 0.93(9) µB is predominantly along the crystallographic a-axis.
I. INTRODUCTION
Low-dimensional quantum magnetism has attracted much interest from both theoretical and experimental condensed matter physicists for many decades [1] [2] [3] [4] . It is known that in a one dimensional (1D) antiferromagnetic system, long range order is absent even at zero temperature 5 , leading to various fascinating magnetic ground states and phenomena at low temperatures such as the spin-Peierls state in CuGeO 3 6,7 and TiOCl 8 , the singlet ground state in the alternating spin-chain system (VO) 2 P 2 O 7 2 , the Bose-Einstein condensation of magnons in TlCuCl 3 9 , and the fractional spinon excitations in CuSO 4 ·5D 2 O 10 . However, some approximate 1D antiferromagnets exhibit long-range order with a remnant of quantum fluctuations in a form of quantum renormalization of spin waves 11, 12 . Hence, in order to apprehend diverse physics of these low-dimensional quantum magnets, it is crucial to identify relevant underlying spin interactions that consequently cause magnetic ordering and govern spin dynamics.
Among various compounds, copper-based oxides with Cu 2+ ions (3d 9 ), titanium-based oxides with Ti 3+ ions (3d 1 ), and vanadium-based oxides with V 4+ ions (3d 1 ) are generally considered as a good realization of the low-dimensional spin-1/2 system. Copper divanadate, Cu 2 V 2 O 7 , is a promising realization of the 1D spin-1/2 system. It contains Cu 2+ ions which are surrounded by five oxygen ions. They form a chain of edge sharing CuO 5 polyhedra (Figs. 1(a) and (b)) while the non- magnetic V 5+ ions, which are surrounded by four oxygen ions to form V 2 O 7 double corner-sharing tetrahedra, are intercalated between the chains as shown in Fig. 1(a) . There are two polymorphs of Cu 2 V 2 O 7 that are generally found in a stable phase, namely the α-phase and the β-phase with a structural phase transition at around 605
• C 14 . Other forms such as the γ-and β -phases were also reported as complex and unstable high-temperature phases [14] [15] [16] . The α-phase of Cu 2 V 2 O 7 crystallizes in the orthorhombic system of space group Fdd2 with a = 20.645(2)Å, b = 8.383(7)Å, and c = 6.442(1)Å (Fig. 1(b) ). The large deviation of the Cu-O(2)-Cu angle from 90
• (Fig. 1(c) ) leads to a preferably, and stronger, antiferromagnetic interaction along the chain 19 . Magnetic susceptibility and heat capacity on a powder sample reveal that the antiferromagnet α-Cu 2 V 2 O 7 magnetically orders at a Néel temperature T N of 34 K 3,20 . The magnetic ground state of α-Cu 2 V 2 O 7 was proposed to be a canted antiferromagnetic spin-chain 3, 20, 21 . The canting of spins is due to Dzyaloshinskii-Moriya (DM) interations, which give rise to the presence of weak ferromagnetism below T N . However, the magnetic structure and spin dynamics of α-Cu 2 V 2 O 7 have not been studied. Among the various probing techniques, neutron scattering is the most powerful at revealing the microscopic properties of such magnetic materials; however, a good quality large single crystal is required. Here we report the first detailed study of magnetic properties on single-crystal α-Cu 2 V 2 O 7 using magnetization and neutron diffraction measurements.
The paper is organized as follows. In Sec. II, we briefly discuss single-crystal growth and experimental techniques used to characterize and study magnetic properties of the compound. The results in Sec. III are divided into three parts, where x-ray diffraction (Sec. III A), magnetization (Sec. III B), and neutron diffraction (Sec. III C) will be discussed. Finally, we end with the summary in Sec. IV.
II. EXPERIMENTAL DETAILS
Prior to the single crystal growth, powder Cu 2 V 2 O 7 was prepared from high purity CuO and V 2 O 5 . The chemicals were dehydrated and weighed with stoichiometric ratio and then ground thoroughly with ethanol. The mixture was then calcined at 500
• C for 24 hours. The obtained powder was inserted into a quartz tube. The bottom end of the tube was shaped into a taper for seed selection while the top end was tightly closed with silica wool. The sample was melted in air at 850
• C for 10 hours to ensure homogeneity and then lowered through a constant temperature gradient of about 40
• C/cm inside a vertical Bridgman furnace at a speed of 1 cm/day. The sample was finally cooled from 700
• C to room temperature at a rate of 5
• C/min. Single crystals were extracted from the quartz tube by mechanical separation. A purephase powder sample of α-Cu 2 V 2 O 7 was also synthesized by the standard solid state reaction and used in powder neutron diffraction measurements.
Small pieces of the crushed crystals were collected and ground for powder x-ray diffraction measurements using CuKα radiation. The results were fit using the Rietveld method in FullProf 22 . To confirm the crystal structure, single crystal x-ray diffraction data were collected at room temperature using a Bruker X8 APEX CCD diffractometer with MoKα radiation. The refinements were done using the software ShelXle 23 . The magnetic susceptibility of the single crystal sample was measured to the base temperature of 5 K using a superconducting quantum interference device (MPMS-XL, Quantum Design). To check crystallinity quality and investigate the magnetic transition, single-crystal neutron diffraction was performed at the BT7 Double Focusing Thermal Triple Axis Spectrometer 24 at NIST Center for Neutron Reseach, USA, on a single crystal with a mosaic of 0.8
• . Elastic neutron scattering were performed at 2.5 K and 50 K using fixed incident energies of 14.7 meV and 30.5 meV. The position-sensitive detector (PSD) was employed in a two-axis mode with open -80 -sample --80 (radial) -PSD horizontal collimations to map out the broad reciprocal space in the (hk0) scattering plane ( Fig. 5(a) ). A detailed investigation of the nuclear and magnetic Bragg reflections were performed using a tripleaxis mode with a single detector and the horizontal collimations of open -80 -sample -80 -120 . For all diffraction measurements, one pyrolytic graphite (PG) filter and two PG filters were placed along the incident and scattered beams, respectively, to reduce higher-order neutron contamination. Neutron diffraction on the powder sample were performed at the high-resolution neutron diffractrometer Echidna, ANSTO, Australia using neutrons with wavelength 2.44Å(13.7 meV). The data were collected at 3 K and 40 K to extract the magnetic scattering. Additional single crystal neutron diffraction measurements were carried out at 4 K and 50 K using the Laue diffractometer Koala, at ANSTO, Australia. The Laue data images were processed using the LaueG software 25 .
III. RESULTS AND DISCUSSION
A. X-ray diffraction
The obtained single crystals are shown in the inset of Fig. 2 . The largest crystal was about 1 × 1 × 0.5 cm 3 with a mass of 1.4 g. The naturally cleaved facet is the (1,0,0) plane. Small crystals were collected for the xray diffraction measurements while large crystals were allocated for the neutron scattering experiments. The result of the powder x-ray diffraction (Fig. 2) shows that the major phase of the crystals is α-Cu 2 V 2 O 7 (∼95%) with a small amount of impurities that can be identified as β-Cu 2 V 2 O 7 and Cu 0.64 V 2 O 5 26 . We note that no trace of these impurities is detected in the powder sample. The lattice constants obtained from the refinement are a = 20.678(6)Å, b = 8.405(2)Å, and c = 6.446(2)Å, which are in good agreement with those re- ported in Ref. 18 . The impurities are still present after several crystal growth attempts with different cooling conditions, which are an important factor to control the ratio of α and β phases 14, 27 . We found that the fraction of β−phase increases with an increasing cooling rate. Hence it is crucial to slowly cool the sample through the phase transition temperature at 605
• C to avoid a mixture of the two polymorphs. It should be noted that these impurities comprise only small percentage, are most likely in a powder form, and hence will not mislead the interpretation of the neutron scattering data (Figs. 5 and 6). Room-temperature single-crystal x-ray diffraction was performed on the crystal with a few hundreds of micrometers in size. The data were refined against space group F dd2 with the previously reported lattice parameters 17 yielding the agreement factor R 1 = 0.039 for 1031 reflections with F obs < 4σ(F obs ). The result is shown in Table I . The refinement result from single crystal neutron diffraction measured at 50 K, which will be discussed later, is also shown in the table for comparison.
B. Magnetic susceptibility
To investigate the magnetic transition on single-crystal α-Cu 2 V 2 O 7 , we measured the magnetic susceptibility (χ = M/H) as a function of temperature when the applied magnetic field of 1 T was parallel and perpendicular to the a-axis in the zero-field-cooled mode. In Fig. 3 parameter measured by neutron diffraction on a single crystal at BT7 (the inset). The Néel temperature is consistent with that obtained from the susceptibility measured on our powder sample (not shown), as well as with those from the previous powder-sample studies 3, 20 . Above 100 K, a linear fit of χ −1 as a function of T to the Curie-Weiss law χ = C T − Θ as shown in Fig. 3(b) gives a Curie-Weiss constant C = 0.545(2) cm 3 K/mol Cu and a Curie-Weiss temperature Θ = −73(1) K. The negative Curie-Weiss temperature suggests that the dominant exchange interactions are antiferromagnetic. From the Curie-Weiss constant, the calculated effective moment µ ef f = 3k B C/N A = 2.087(4) µ B is obtained. This value is slightly higher than the spin-only value of µ ef f = gµ B S(S + 1) = 1.73 µ B for g = 2 and S = 1/2 for Cu 2+ ions. The order of frustration defined by f = |Θ/T N | is 2.2, which suggests that the spin interactions are not strongly frustrated (a typical value for strongly frustrated systems is f > 10). Assuming the mean field approximation, one can calculate the exchange interaction from Θ = 2zJ CW S(S + 1)/3k where z is the number of nearest-neighbours and S = 1/2. Considering only intra-chain interactions with two nearest neigh-bours, z = 2, this calculation gives J CW = −6.3(1) meV.
Below T N , when the magnetic field is applied parallel to the a-axis, a small cusp can be observed at the magnetic ordering transition. This cusp is a signature of an antiferromagnetic transition and suggests that the spins align anti-parallel along the crystallographic a-axis. On the other hand, when the field is applied perpendicular to the a-axis, the susceptibility shows a broad maximum around 50 K suggesting a rise of short-range correlations, typical for low-dimensional magnets, before an abrupt increase indicative of long-range ordering at lower temperatures. The weak ferromagnetism for H ⊥ a below T N is a result of small spin canting due to the DM interactions, which is defined by
where D ij is the DM vector whose strength is proportional to spin-orbit coupling and scaled with the exchange interaction between S i and S j . The DM interaction is present in α-Cu 2 V 2 O 7 since there is no inversion center between the magnetic Cu 2+ ions 28 . The magnitude of spin canting η was estimated to be 2
• from the previous magnetization measurements on the powder sample 3 . To determine the spin canting and DM parameter on the single crystal sample, the magnetization measurements as a function of magnetic field up to a maximal field of 5 T were performed with two orthogonal magnetic field orientations, i.e. H a and H ⊥ a. Figure 4 shows the magnetization measurement on the single crystal with the applied magnetic field perpendicular to the a-axis. Above T N (T = 50 K) the magnetization is linear throughout the measuring field range. However, below T N (T = 2 K) starting from zero applied field the magnetization quickly and sharply jumps to a finite value with only a slight increase in magnetic field before attaining the same linear response as that observed in the 50 K data. The rapid increase of the magnetization, which is indicative of weak ferromagnetism due to the spin canting, is not observed for H a as shown in the lower inset. The small kink around zero field is most likely due to slight misalignment. The same measurements on the power sample show a similar weak ferromagnetic component as shown in the upper inset. However, the jump is less sharp and about a factor of two smaller due to powder average. For the single-crystal data, a hysteresis loop, which is typical for ferromagnetism, is not clear with a very small coercive field (< 10 Oe, which is the resolution of the measurements), but it is more pronounced for the powder data, possibly due to the powder average over all orientations, which could broaden the magnetization reversal.
Quantitatively, the red line in Fig. 4 (and in the upper inset for the powder sample) denotes a linear fit to the magnetization for H ≥ 5000 Oe and is extrapolated to intercept the y-axis to obtain the value of M (0), the canted moment at zero field. obtained. On the other hand, with H a the value of M (0) is approaching zero as expected since the predominant spin component is anti-parallel along the a-axis and the canted moment only stays within the bc-plane. We note that there exist two sets of the spin chains along [011] and [011] on the alternating planes. These chains are about 75
• with respect to each other ( Fig. 8(b) ). We will assume that for the single crystal data the measured canted moment M (0) is a saturated value, where the canted moments on both sets of spin chains are aligned along the direction of the applied magnetic field. The canting angle of spins can be calculated from the relation η = sin
gµ B S . Given the expected spin-only S = 1/2, g = 2, and M (0) from the single crystal data, the canted moment of η = 4.0
• is obtained.
The direction of the DM vector D ij is determined by r ⊥ ×r ij , where r ij is a unit vector connecting the spins S i and S j , and r ⊥ is perpendicular to r ij and points toward the oxygen ligand as shown in Fig. 1(c) . The two pathways, Cu-O(2)-Cu and Cu-O(3)-Cu, are structurally inequivalent giving rise to non-compensating DM interactions. Although the resulting r ⊥ ×r ij does not restrict the DM vector to a specified high-symmetry plane, the cross product of a spin pair, S i × S j , constrains the relevant component of the DM vector, which causes the canting, to be only within the bc-plane. We will later show in Sec. III C that the canted moments in the bc-plane are parallel, and hence the component of S i × S j along the a-axis vanishes. If only the nearest-neighbour interaction (between S i and S j ) along the chain J is taken into account, the in-plane DM parameter D p can be related to the canting angle η and exchange coupling through the following relation:
where the absolute value sign denotes the undetermined direction of the in-plane DM vector. In order to estimate the intra-chain exchange coupling and the in-plane DM parameter |D p |, we reconsider the magnetic susceptibility as a function of temperature shown in Fig. 3 . The broad maximum of magnetic susceptibility χ max at the temperature T max was suggested by Bonner 0.0735 and kT max / |J BF | 1.28. The BF fit with a temperature-independent susceptibility background, χ 0 = 2.2(2) × 10 −4 cm 3 /mol Cu, is shown in Fig. 3(b) . The result gives the intra-chain coupling |J BF | = 2.99(2) meV and g = 2.15 (1) . The difference between J BF and J CW suggests a significant inter-chain interaction. We assume that the observed magnetic ordering below T N is predominantly a result of this inter-chain interaction. To estimate the coupling between chains, Schulz calculated the inter-chain interaction for parallel chains using the mean field approximation, |J inter | = T N / 1.28 ln(5.8J/T N ) 29 . For α- [30] [31] [32] , suggesting that the magnetism in α-Cu 2 V 2 O 7 is far from being an ideal realization of the one-dimensional spin system. Given the obtained |J BF | = 2.99(2) meV from the BF fit and the canting angle η = 4.0
• from the magnetization data, we estimate the in-plane DM parameter |D p | using Eq. 2 to be 0.420(3) meV or 14% of the intra-chain coupling. The sizable inter-chain and DM interactions induce the magnetically ordered state below the Néel temperature. Hence, the long-range order observed in this quasi-onedimensional system does not defy the Mermin-Wagner theorem 33 .
C. Neutron diffraction
In order to investigate the magnetic structure of the ordered state, we performed elastic neutron scattering below T N to search for magnetic Bragg reflections. neutron contamination. On the other hand, the intensity at (4,0,0) and (6,0,0), which are also allowed magnetic Bragg reflections, do not show a significant change below T N . In neutron scattering, only the spin component that is perpendicular to the momentum transfer contributes to the magnetic scattering intensity, due to the dipole-dipole interaction as described by the geometric factor α,β (δ α,β −Q αQβ ) 34 , where α denotes the spin components andQ α is the unit vector of Q along the component α. For α-Cu 2 V 2 O 7 most of the spin component is parallel to the a-axis, which is also evidenced by the magnetic susceptibility. Hence the magnetic Bragg reflections (h, 0, 0) become negligibly small.
The integrated intensity of the (0,2,0) magnetic Bragg reflection as a function of temperature (Fig. 3 inset) shows an upturn around 33 K indicating a transition to the antiferromagnetic ordered state, coincident with the jump in the magnetic susceptibility ( Fig. 3(a) ). The fit of the order parameter to the power law,
2β , for 24 K < T < 34 K gives a critical exponent β = 0.21 (1) and T N = 33.4(1) K. The fit value of β is typical for low-dimensional magnetic systems 30, 31, 35 . Figure 6 shows the powder neutron diffraction data collected at 3 K and 40 K at Echidna to investigate intensity difference due to magnetic scattering. Figure 6 (a) shows a small shoulder peak for the 3 K data as indicated by the arrow, which corresponds to the (0,2,0) magnetic Bragg reflection. The inset shows the intensity difference between 3 K and 40 K data, which clearly shows the magnetic Bragg reflections at (1,1,1), (0,2,0), and (3,1,1), and negligible magnetic scattering intensities at (4,0,0) and (6,0,0). This absence of magnetic Bragg intensity at the (h, 0, 0) reflections is consistent with the single-crystal data discussed previously.
The magnetic structure of α-Cu 2 V 2 O 7 was analyzed by the irreducible representation theory. The calculations were carried out using the software BasIreps 36 . The decomposition of the irreducible representations (IRs) for Cu 2+ ions (16b) can be described by
The basis vectors for each IR are summarized in Table. II. The coupled intra-chain Cu 2+ spins are between Cu1−Cu4 along [011] , and between Cu2−Cu3 along [011]. As discussed above, the antiferromagnetic spin component of the Cu 2+ ions is predominantly along the a-axis. Therefore, among the four possible magnetic models we can simply rule out Γ 2 and Γ 3 , which according to the Bertaut's notation 37 give rise to the A x and F x configurations, respectively; both IRs give ferromagnetic spin component along the a-axis. On the other hand, Γ 1 and Γ 4 , which give rise to the G x and C x configurations, respectively, result in the antiferromagnetic spin arrangement along the a-axis for the spins along the chain. The canted moments, which are in the bc-plane, of the spins in the same chain for Γ 1 and Γ 4 are parallel. Hence the cross product S i × S j does not have a component along the a-axis, making the DM component along the a-axis irrelevant as previously discussed. Both Γ 1 and Γ 4 can give rise the weak ferromagnetism observed in the mag- To further confirm the magnetic structure and obtain a better estimate of the ordered moment, we performed single crystal neutron diffraction at the Laue diffractometer, Koala. The diffraction data were collected at 4 K and 50 K to investigate the nuclear and magnetic structure. The Laue diffraction pattern measured at 4 K shows distinct Bragg peaks (Fig. 7) . The structural parameters for the 50 K data were refined against F dd2 space group using ShelXle yielding R 1 = 0.081 for 998 reflections with F obs < 4σ(F obs ). The result is in agreement with the single crystal x-ray diffraction refinement (see Table I ). For the 4 K data, where the system becomes magnetically ordered, the magnetic structure refinements were performed using Jana2006 38 . The reflections were refined • with respect to each other. We note that the canted moments in the bc-plane are exaggerated for visualization, and the exact direction of the canting is undetermined.
against Shubnikov space group F d d 2, which is equivalent to the irreducible representation Γ 1 that gives the best fit to the magnetic structure in this system. The spin components along the b and c axes were fixed to zero due to the unresolved spin canting. The ordered moment along the a-axis m x = 0.93(9) µ B was obtained with wR = 0.051. This value of the ordered moment, which is consistent with the value obtained from powder neutron diffraction, is slightly lower than (but close to) the expected value of one µ B . This discrepancy could be a result from the constrained spin component to only the a-axis, discarding the spin canting that is not obtainable from the neutron diffraction measurements. In addition, quantum fluctuations might also play a role in reducing the ordered moment. The antiferromagnetic spin structure along the chain is depicted in Fig. 8(a) . The spins on the parallel chains ferromagnetically align indicative of the ferromagnetic inter-chain interactions. Due to the very small spin canting we cannot determine the magnitude and direction of the canted moments in the bc-plane from the neutron diffraction data. However, Γ 1 allows the canted moments of the spins on the same chain to be parallel. For the spins on the different chains that are located on the adjacent planes, the c-component (b-component) is parallel (anti-parallel) as shown in Fig. 8(b) . The picture drawn in Fig. 8(b) is only for an illustrative purpose and does not represent the actual canting.
IV. SUMMARY
We have performed magnetization and neutron diffraction measurements to study magnetic properties and a spin structure of the S = 1/2 quasi-one-dimensional anti-ferromagnet α-Cu 2 V 2 O 7 . Magnetic susceptibility shows a broad peak at ∼ 50 K, which is an evidence of rising short-range spin correlations, followed by an abrupt increase indicative of a phase transition to a magnetically ordered state at T N = 33.4(1) K. Although the Bonner-Fisher model for the S = 1/2 spin-chain system fits the H ⊥ a data very well above T N , the obtained antiferromagnetic intra-chain exchange interaction (|J BF | = 2.99(2) meV) is quite lower than that obtained from the Curie-Weiss fit (|J CW | = 6.3(1) meV). The analysis of exchange interactions suggests a relatively strong coupling between chains compared to other spin-chain systems. The anisotropy below T N suggests that the majority of the spin component is along the crystallographic a-axis, which is confirmed by neutron diffraction experiments. The weak ferromagnetism is a result of spin canting within the bc-plane due to the DM interactions. Magnetization measurements with H ⊥ a show the spontaneous magnetization from which the canting angle η of 4.0
• and the in-plane DM parameter |D p | of 0.420(3) meV are obtained.
The analysis of the neutron diffraction data shows that the nearest-neighbor Cu 2+ spins along the zigzag chain antiferromagnetically align with the ordered moment of 0.93(9) µ B predominantly along the crystallographic aaxis. The relatively-large ferromagnetic inter-chain interactions between the parallel chains and the DM interactions lead to the long-range magnetic ordering below T N .
However, due to the complex exchange pathways and the presence of weak frustration, the exact value of the intraand inter-chain interactions could deviate from our analysis, which is entirely based on the magnetic susceptibility data. Further theoretical analyses based on first-principle calculations and studies of spin dynamics by means of inelastic neutron scattering are therefore required in order to better determine the exchange interactions. With the current availability of large single crystals, an inelastic neutron scattering study is possible and will reveal a clearer picture of the relevant microscopic Hamiltonian parameters, as well as influences of low-dimensionality and quantum fluctuations on spin dynamics.
